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ABSTRACT 
Biomass processors require a technology that will separate node and intemode 
segments to enhance the end product or to reduce production cost. Separation techniques 
that segregate by particle density and aerodynamic differences use terminal velocity 
properties as exemplified by classifiers and cyclones. 
A fabricated vertical wind tunnel for determining terminal velocity had a velocity 
range from 3.0 to 9.5 mis. Velocity variations between highest and lowest readings across 
the outlet was a maximum of about 20% at a given air velocity. Comparisons of 
measured terminal velocity to values calculated using Mohsenin (Mohsenin, N. N. 1970. 
Physical Properties of Plant and Animal Materials. New York, N.Y.: Gordon & Breach 
Science Publ.) equations showed them to be similar, provided the equation for spherical 
particles was used. Measures of particle density for the node and intemode samples 
differed by about 52.6% for wheat, and from 39.3 to 61.9% for switchgrass, and from 0.4 
to 27.6% for com rind, and between 40.1 to 81.9% for com pith. These density 
differences form a basis for separating these biomass components, and should affect 
terminal velocities as predicted by the Mohsenin equations. 
Switchgrass with a high moisture content (52% wet basis, w. b.) cut into 0.6 cm 
length segments had greater terminal velocity differences (- 62.5%) between node and 
intemode sections than did longer-length switchgrass groups of 1.3 cm and 2.5 cm with 
either low (15% w. b.) or high moisture content. In the low moisture level particles, the 
2.5 cm lengths proved to have the least difference (- 30.0% ). Corn pith with a high 
moisture content (43% w. b.) had a greater node and intemode terminal velocity 
difference (- 141.5%) than did the com rind. For all three species, except for wet com 
rinds, the terminal velocity of nodes and intemodes differed significantly (P<.0001). 
Terminal velocity data determined in this study helps to fill a void in the limited 
published values of biomass. These data are required to design and engineer improved 
systems for maximizing the use and value of biomass feedstocks. Results provide a 
defined physical property difference in biomass segments to accommodate effective 
separation of plant anatomical components. 
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Biomass feedstocks include several plants that have useable constituents that can 
be extracted. The focus of this research is on "stalk biomass", which is defined as a stem 
of a herbaceous plant that is prime for cellulose harvest. The stalk biomass of interest for 
this study includes wheat, switchgrass, and com as discussed in the report of the biomass 
billion-ton annual supply (Perlack et al., 2005). 
Why is biomass separation needed? Industries that process biomass material can 
more efficiently use different parts of the plant. For example, instead of crop residues 
remaining in the field to decompose, a farmer could earn income by selling the plant 
waste to strawboard manufacturers. The latter may wish to cull certain segments called 
nodes. Nodes in stalks often contain more silica and potassium than do the internodes. 
Silica wears papermaking processing equipment (Watson and Gartside, 1976) and 
potassium interferes with adhesive bonding (Keitaanniemi and Virkola, 1982). Removing 
the stalk nodes from the biomass feedstock mixture would reduce the amount of costly 
adhesives. 
Separation of plant components by physical processes needs thresholds of 
differences in physical properties between components being separated. The greater the 
property difference between identified components, the easier the separation, as in 
kernels and shells, chaff and seed, or cotton lint and gin trash. These are examples of 
objects with considerable thresholds of differences between density and aerodynamic 
properties for the pairs of components being separated. Separation techniques that take 
advantage of density and aerodynamic differences use pneumatic methods that segregate 
by terminal velocity, as in the case of classifiers and cyclones. Compared to grain and 
chaff, smaller density differences are expected between stalk nodes and internodes. 
Bilanski and Lal (1965) stated that "information which would define the range of 
air velocities which result in good separation ... would be of considerable value for the 
design and operation of separating and cleaning mechanisms." The overall objective of 
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this study was to identify terminal velocity differences for various biomass anatomical 
components. Specific objectives were as follows: 
1) Construct a vertical wind tunnel that could successfully measure terminal 
velocity. The wind tunnel would be designed so that staging the samples 
could be done with ease, yet be conducted in a contained system so as to 
not lose particles. An important feature would include a clear observation 
area so that aerodynamically-suspended particles could be observed. 
Another design criterion was a steady airflow stream that could be 
adjusted in fine increments. A representative airflow velocity would need 
to be determined as the terminal velocity of the aerodynamically 
suspended particle. 
2) Use the wind tunnel to characterize terminal velocity of various biomass 
anatomical components, from a variety of biomass sources. 
3) Compare the measured results with the results determined using published 
terminal velocity equations, selecting a best method for representing 
biomass particles as solid spheres, hollow spheres, solid cylinders, or 
hollow cylinders. 
2 
2.1 Separation Actions: 
CHAPTER2 
LITERATURE REVIEW 
This research project started with an extensive look into current separation 
techniques, which could be categorized into six groups with corresponding actions. These 
six physical separation actions currently used in biomass processing were reviewed so 
that the most promising method for separating biomass components could be selected. 
Separation actions included threshing, vibratory, refiner, electronic identification, 
hydrodynamic, and pneumatic. 
Threshing action separates by a material's reaction to impact and friction. In most 
cases, threshing is combined with another separation technology such as a vibratory sieve 
or pneumatic equipment. A method of threshing to remove flax fiber from "sheaf' was 
examined by Anthony (2001) using modified cotton ginning machinery. Threshing is a 
useful means of separation if the commodity being processed is a high value product such 
as cotton. Aggressive machinery is required, and more energy may be spent on the 
material than the value of the material or product. 
Vibratory action separates by a material's shape or surface texture. An interesting 
study by Akubuo and Eje (2002) was conducted in order to separate palm nuts from the 
kernels. The palm nuts were fragmented by a hammer-mill and then fed to a vibratory 
and reciprocating tray that consisted of two parts: a shell separation section of parallel 
rods, and a kernel separation section with circular holes. The effectiveness of this means 
of separation was based on the threshold of difference between the shape and size of 
shells and kernels. There was a large shape difference between a spherical kernel and a 
concave shell. However, the low difference between the shape of a node and an internode 
segment of switchgrass may reduce effective separation by the use of vibratory action for 
our materials of interest. 
Refiner action separates by a material's reaction to vigorous rubbing. Sabharwal 
et al (1995) reported a study where jute strands of 2.5 meters to 3.0 meters were 
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introduced to a disc refiner. Through "repeated compression and relaxation of the plant 
material and fibers in water" the secondary wall was removed. Rubbing would likely 
disintegrate no.des and intemodes without separation. 
Electronic identification separates by a material's appearance, most often by using 
a sensor and computer to detect differences in appearance, like shape or color. Delwiche 
et al. (1993) used electronic identification to sort defective prunes. A steady stream of 
airborne prunes was scanned in an "inspection chamber" that consisted of three cameras 
signaling to a computer. If an undesirable prune entered the chamber, an air pulse was 
triggered and the prune ejected from the supply flow. As in the case of threshing, the 
expense of separation using electronic identification technology would need to be 
justified by the high value of the product. 
Hydrodynamic action separates by differences in buoyancy relative to a liquid. 
Savoie et al. (2003) conducted a study to separate grain from stover in corn silage. After 
being mixed in a tank, the sunken material was retained after the floating material was 
screened off. Though this means of separation is highly effective and can be used for high 
capacities, there are many industries that would prefer to keep the product dry. 
Pneumatic action separates according to differences in density through suspension 
in an air flow. Pneumatic separation has advantages over each of the other actions. 
Shattering of the material is minimal, unlike in threshing practices. Pneumatic methods 
can separate material of comparable shapes and surface textures, unlike vibratory 
applications. Friction acting on the material is minimal, in contrast to refiner techniques. 
Pneumatic separation is not reliant on electronics that are sensitive to dust or grimy field 
conditions. And, unlike hydrodynamic principles, the material is not subject to added 
moisture. 
Of all actions considered, the pneumatic action should be the most promising 
action to examine in this study. Rautiainen et al. (1999) defined pneumatic conveying as 
a "method of transportation of granular solids in a pipeline using a gas stream." When 
fractionated segments are conveyed in an air stream, terminal velocity is the basis of 
separation (Grochowicz, 1980; Mohsenin, 1986). Terminal velocity was described by 
Jackson et al. (1996) as the "velocity of air that will suspend a given object." Grochowicz 
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(1980) and Mohsenin (1986) provided detail by saying "terminal velocity is equivalent to 
the velocity of a vertical air stream which ensures equilibrium between the (object) 
weight . . .  and upward force of air stream." 
There have been quite a few studies of terminal velocity that incorporated a 
vertical air column. In one case " . . .  materi�l behavior was studied using a vertical wind 
tunnel" and "airflow rate was measured at the wind-tunnel inlet" (Tabatabaifar and 
Persson, 1995). Elfverson and Regner (2000) employed a vertical air stream in a 
pneumatic classifier where the air was controlled by a valve. Air velocity was determined 
by the pressure drop over an orifice plate measured with a micro-manometer. This system 
was used to separate kernels of barley of different terminal velocities where "kernels with 
lower terminal velocities than the upward air velocity were lifted by the air stream. The 
kernels were separated from the air in a cyclone and passed to a settling container 
(Elfverson and Regner, 2000)." 
Objects with small thresholds of difference in terminal velocity have been 
successfully separated. Jackson et al. (1996) had an Air Stream Separator which "meters 
puparia by using a variable vibrator feeder into a Lucite column wherein an air stream 
lifts the less dense puparia into the upper receptacle, but allows the more dense puparia to 
fall into the lower receptacle." The velocity of the air stream was tested with an air 
velocity meter and controlled by adjusting the air rate supplied to the fan with a variable 
air intake. 
An important factor in separation technology is material throughput capacity. 
"Large numbers of puparia resulted in increased collisions and more puparia ending up i!1 
the wrong fraction," when attempting to sort puparia with parasites from unparasitized 
puparia (Jackson et al., 1996). This was "because of small differences of bulk densities 
and the overlap in terminal velocities." Unpublished data by Douglas M. Bilsland quoted 
by Jackson et al. (1996) states that differences in bulk density of 10% or greater are 
needed for good separation from the Hendricksen Enterprises (Corvallis, Oregon) Air 
Stream Separator used in the study. Jackson et al. (1996) reasoned that the failure to 
separate three different puparia species was because the bulk density differences were 
less than 10%. 
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2.2 Published Terminal Velocity Equations: 
The Reynolds number was needed to decipher whether flow was laminar or 
turbulent, in order to determine appropriate drag coefficients. Reynolds number (Re) was 
calculated as: 
where, 
Re = Reynolds number 
R = 
d V P1 (1.1) 
e 
µ 
d = Characteristic length (i.e., diameter) (m) 
V = Velocity of air (mis) 
P! = Density of fluid= 1.205 kg/m
3 air at 1 ATM at 20°C (TETB, 2005) 
µ = Dynamic viscosity of air at 1 ATM at 20°C (Pa·s) = 1.86 x 10-
5 Pa·s 
(LMNO, 2003) 
Equations for calculating terminal velocity depend on the value of Re, and how Re 
affects the selection of a particle drag coefficient (Mohsenin, 1970). Two approaches to 
calculating Re were taken. The first was to assume a particle falling through an infinite 
body of quiescent fluid. In this case, the particle diameter may be considered the 
characteristic length as the diameter in the Re equation (Equation 1. 1). The following 
equations (Equation 1.2a, 1.2b, 1.3a, and 1.3b) show the value of Re for a range of air 
velocities (3.0 to 9.5 mis) and nominal particle diameters (0.31 and 0.36 cm). Air velocity 
and particle diameter values were chosen to correspond with experiment conditions: 
For air velocity of 3.0 mis: 
0.0031mx 3.0,,;xl.205%3 
R = m = 603 for a particle with d = 0.31cm, and (1.2a) 
e 
1.86 X 10-5 m/2 
0.0036m x 3.0'Ys'xl.205%3 
R = m = 700 for a particle with d = 0.36cm.(1.2b) 
e 
1.86 X 10-5 111/2 
6· 
For air velocity of 9 .5 ml s: 
_ 0.0031m x 9.5'1s' x l.205k%3 _ 3 Re - 5 2/ -l.91 x 10 for a particle with d= 0.31cm, and ( l.3a) 1. 86 X 10- mis 
_ 0.0036m x 9.5'1s' x l.205k%3 _ 3 Re - 5 2/ - 2.22 X 10 1.86 X 10- mis 
for a particle with d = 0.36cm. (1.3b) 
The problem with using these Re (Equations 1.3) directly is that the study did not 
use a large quiescent fluid body, as the particles were suspended in a rapidly-moving air 
column. This would introduce to the study the complicating factor of the fluid behavior, 
whose Re would affect the particle response. For pipe flow, the pipe's inner diameter may 
be considered the characteristic length in the Re equation. The range of air velocity in the 
TVWT was between 3.0 mis and 9.5 mis. The Re for both these velocities were calculated 
to determine if the flow is turbulent or laminar and whether this aspect of the flow 
changed when the flow rate was adjusted. The following equations (Equation 1.4a and 
1.4b) show the value of Re for a range of air velocities (3.0 and 9.5 mis) and an inner pipe 
diameter of 0.254 m: 
For air velocity of 3.0 mis: 
_ 0.254m x 3.0¾ x l.205k%3 _ 
4 Re - 5 2/ -4.94 X 10 1.86 X 10- mis 
For air velocity of 9.5mls: 
_ 0.254m x 9.5'1s' x l.205k%3 _ 5 Re - 5 2/ -1.56 X 10 1.86 X 10- mis 
(1.4a) 
(1.4b) 
The initial calculations for the particle Re (Equation. 1.3) showed the particles to 
be at the upper end of the transition range, as defined by Mohsenin (1970). However, 
since the calculations for the pipe flow (Equation. 1.4) show that the flow itself is clearly 
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turbulent, it appears safe to assume that the actual particle behavior in the flow will more 
closely approximate turbulent rather than laminar characteristics. 
Experiments were anticipated to be conducted in a vertical pipe of sufficiently 
small diameter that laminar/turbulent characteristics would be best represented by pipe 
flow phenomena rather than a particle falling through an infinite media. Factors 
supporting this assumption included observed wall effects, transition effects, and 
turbulent particle behavior. Thus, using the pipe's inner diameter as the characteristic 
length of the Re corresponded with observations that flow was turbulent. The results 
illustrated that the flow at both speeds was turbulent as defined by Mohsenin (1970) as 
the region where the Re is between 1,000 and 200,000. Hence, drag coefficients selected 
based on Re in the turbulent flow range were keyed into the terminal velocity equations. 
Two published equations for terminal velocity under turbulent conditions, one for 
spherical-shapes and another for cylindrical-shapes, were available (Mohsenin, 1970). 
For spherical particles, where 1 x 103 < Re < 2 x 105 (Mohsenin, 1970), terminal velocity 
was calculated as: 
where: Vr = Terminal velocity (mis) 
g = Acceleration due to gravity = 9.8 m/s2 
dp = Particle diameter (m) 
(2.1) 
p1= Density of fluid= 1.205 kg/m
3 air at 1 ATM at 20°C (TETB, 2005) 
PP = Density of particle (kg/m
3) 
Cd= Drag coefficient= 0.44 (Mohsenin, 1970) 
For cylindrical particles of infinite length perpendicular to the flow and where 1 x 103 < 
Re < 2 x 105 (Mohsenin, 1970), terminal velocity was calculated as: 
g dp 1l pp -pf � = 1-----
2 ¼ P1 
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(3.1) 
where: Cd= Drag coefficient= 1.20 (Mohsenin, 1970), with other parameters as defined 
above. 
Once the samples were cut, measured, and culled for uniformity, the diameters 
and particle densities were entered into both sets of equations. An interesting query 
surfaced when calculating the particle densities. Should the particle density (pp) be 
calculated using the particle's apparent density or the particle's true density? The 
apparent density uses the outer volume of the segment, whereas the true density uses the 
outer volume minus the inner volume of a hollow segment. Since wheat straw and 
switchgrass have hollow cores, two sets of densities were calculated and terminal 
velocities were calculated using both densities. 
2.3 Application of Terminal Velocity Equations to Biomass: 
The hypothesis developed is that moisture content and stem selection (node or 
intemode) affect terminal velocity because these factors affect density while shape 
remains relatively constant. Some factors that influence terminal velocity were noted by 
Elfverson and Regner (2000) to be " ... shape, ratio between weight and cross-sectional 
area, and surface texture." Harmond et al. (1968) stated that terminal velocity of an object 
" .. .is dependant on differences in aerodynamic behavior in an air stream." Differences in 
length will be used to find the preferred size that would increase the threshold of 
difference between the node and intemode terminal velocities with consideration to real 
world applications. Elfverson et al. (1999) stated that objects " ... that had the highest 
terminal velocity when sorted in a vertical air stream ... are those that had the highest 
density." When the segments are uniform in moisture content, length, and manner of cut, 
segments with nodes have different morphology than segments of intemodes. 
Characteristics of a dry switchgrass node and intemode of similar diameter and 
volume were applied to both spherical and cylindrical equations (Equations 2.2a, 2.2b, 
3.2a, and 3.2b) to find if the particles had terminal velocity differences worth 
investigating. 
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For spherical-shape biomass, terminal velocity of a 1 .3 cm length, dry switchgrass 
intemode with an average diameter of 0.00349 m and solid density of 390 kg/m3 : 
4 9.8 "v'z 0.00349 m 390 kg/ 3 -1.205 kg/ 3 
V. = Is Im Im t 3 0.44 1.205 k1/m3 
� = 5.76 is Intemode 
(2.2a) 
For spherical-shape biomass, terminal velocity of a 1 .3 cm length, dry switchgrass 
node with an average diameter of 0.00345 m and solid density of 654 kg/m3 : 
4 9.8 nv2 0.00345 m 654 kg/ 3 -1.205 kg/ 3 
V. = 
Is Im Im 
t 3 0.44 1.205 k1/m3 
� = 7.45 is Node 
(2.2b) 
For cylindrical-shape biomass, terminal velocity of a 1 .3 cm length, dry 
switchgrass intemode with an average diameter of 0.00349 m and solid density of 390 
kg/m3 : 
V. = 9.8 1s2 0.00349m 1l 390� -1.205 rm3 
t 2 1.20 l.205� 
� = 3.80 '1s Intemode 
(3.2a) 
For cylindrical-shape biomass, terminal velocity of a 1 .3 cm length, dry 
switchgrass node with an average diameter of 0.00345 m and solid density of 654 kg/m3 : 




V. = •--------------t 2 1.20 1.205 kf
m3 
½ = 4.90 '1s Node 
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(3.2b) 
As the numbers encouragingly illustrate, there is a difference between node and 
internode using both equations. In both scenarios, the node was 29% greater than the 
internode. Exhibiting such a threshold of difference, the findings conclude that terminal 
velocity has the potential to separate biomass based on density differences. It was first 
assumed that since the segments were cylindrical in shape, that equations for terminal 
velocity of cylindrical-shaped objects should be used to calculate the published values. 
However, when a particle is subjected to an air stream, how would it behave? It was 
hypothesized that a particle would tend to rotate, so would this action make the particle 
appear to the air flow as a sphere? In wheat and switchgrass subjects, the internodes are 
hollow, but would the 0.25 cm approximate inner diameter opening allow the air flow to 
enter the particle? If the air does not enter the particle, is its apparent density or true 
density used to calculate terminal velocity? The range of terminal velocities was expected 
to overlap for nodes and internodes of similar densities, especially for those that the 
densities had less than 10% difference. It was suspected that the terminal velocities of the 
node and internode segments would be different mathematically, but it was uncertain that 
this difference would be efficient to separate nodes from the internodes when multiple 
segments were placed into the air stream at the same time. 
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3. 1 Samples: 
CHAPTER 3 
METHODS 
Biomass material selection criteria were based on the samples having sections that 
could be clearly defined as node or intemode, and the biomass source of interest to the 
industry (Perlack et al. , 2005). The biomass studied included wheat straw, switchgrass, 
and com stalk, which were hand-cut. In order to prepare the samples, the stalk was 
measured and marked before cutting. Dry material tended to collapse during cutting, so 
pieces of thin twigs were placed inside the straw. The straw was rolled along a cutting 
block while under a scalpel (Figure 1 ). Though tedious, this method provided satisfactory 
cuts perpendicular to the length. Any segments containing a node had the node in the 
center of the segment. 
Dry wheat straw was cut into 1.3 cm lengths. Dry and wet switchgrass was cut 
into 0.6 cm, 1.3 cm, and 2.5 cm lengths. All com samples were cut into 1.3 cm lengths. 
Digital calipers were used to take the mea�urements. For each biomass type, there were 
Figure 1. Photo of Sample Preparation Area. 
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samples of node and intemode that were manually cut to have similar average diameter 
(0.31 cm for com and 0.36 for wheat and switchgrass), length, and shape (Figure 2). This 
was done to ensure that nodes and intemodes had the same external apparent volume. For 
a given biomass selection, nodes of similar weight and intemodes of similar weight were 
selected. In the case of switchgrass, three volumes were used due to the three lengths. 
Wheat and switchgrass produced samples that were cylindrical in shape. Com samples 
provided a different challenge due to their size, as shown in Figure 3. In order to be 
comparable to the switchgrass and wheat, the com was cut into small chunks that had the 
same length, end area, and volume (Figure 4 ). The dimensions of the chunks were as 
close to cylindrical-shape as possible; however, com chunks appear more rectangular in 
shape. Table 1 lists the sample matrix. 
The samples were hand cut and uniformity of the samples was stressed so that 
there would be the least amount of variability in the factors that contribute to terminal 
velocity. In real-world applications, achieving crisp cuts on the ends of the biomass 
segments may prove tedious, though not impossible. The effects of jagged or tattered 
edges on terminal velocity are not yet known. This study represents one scenario of 
particle separation, and opens the door to additional unique biomass research. 
Figure 2. Photo of 1.3 cm Dry Switchgrass Nodes and Intemodes. 
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Figure 3. Photo of 8 cm Dry Com Stalk Split in Halves. (A) Exterior and (B) Interior. 
Figure 4. Photo of 1.3 cm Segmented Dry Com. (A) Pith Node, (B) Rind Node, (C) Pith 
Intemode, and Rind lntemode. 
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Table 1. Sample Categories. 
Biomass Moisture Level* Length (cm) No. of Groups** No. of Samples Total*** 
Wheat Straw Dry ( 12%) 1 .3 1 24 
Switchgrass Dry ( 15%) 
0.6, 1 .3, & 2.5 6 144 
Wet (52%) 
Corn Pith Dry ( 1 1 %) 
1 .3 2 40 
Wet (43%) 
Corn Rind Dry ( 1 1  %) 
1 .3 2 40 
Wet (43%) 
*Moisture level was calculated on the wet basis method. 
**Group defined as each combination of biomass, moisture level, and length. 
***Total for a given biomass was a product of number of groups, sample size, and two (node and 
internode). 
Preliminary measurements of the samples included moisture content, weight, and 
size measurements of diameter and length. Each combination of biomass, moisture level, 
and length made up a group and with all the combinations there was 11 groups total 
(Table 1). Within each group was a node and intemode segments. Ten terminal velocity 
means for each group were calculated and the means were subjected to a Statistical 
Analysis System (SAS) program. A statistical power of 80% and a Type I error rate set at 
0.05 had been selected to attain the proper sample size. An assumed standard deviation of 
2.0 was created and used along with the 0.05 alpha and the means. The SAS results called 
for 12 wheat samples, 12 switchgrass samples, and 10 com samples for each node and 
intemode category. Table 1 shows the total number of samples when each sample was 
considered a replicate for each of the 11 groups. 
3.2 Equipment: 
The Terminal Velocity Wind Tunnel (TVWT) was a vertical wind tunnel 
developed to evaluate terminal velocity of stalk biomass. Figure 5 shows the schematic of 
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Figure 5 .  Terminal Velocity Wind Tunnel Schematic. Height= 3. 81 m, width= 3.35 m, 
and inner pipe diameter = 25 .4 cm. 
damper, accessible plenum chamber, and a vertically mounted 25.4 cm-diameter by 3.05 
m-long clear PVC pipe with in-path air flow straighteners. 
The airflow provided by the fan is directed to the plenum chamber through a 
section of duct work, which houses a butterfly valve that is able to be adjusted and locked 
into a desired setting. The plenum chamber has two openings; an access panel into the 
chamber, and a second port that allows access to the clear pipe. The second port has a 
screened opening that matches the 25 .4 cm diameter of the pipe. This port is simply a 
sample tray that fastens below the in-path straighteners. Once a sample is ready on the 
screen, the second port and access panel are shut to close the system. At the top of the 
pipe, the capping board also has a screened opening that matches the pipe diameter, thus 
opening the system to atmospheric pressure but not allowing the samples to escape. The 
average range of air velocity in the TVWT is between three and 10 mis. 
A ping pong ball was used to test the TVWT to visually observe airflow 
uniformity. Before using in-path straighteners, a ping pong ball placed inside the pipe 
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would rotate rapidly, while maintaining constant contact with the inner wall. This 
cyclonic action had to be prevented and the helical airflow had to be straightened in order 
to decrease wall interaction. 
A prototype for a straightener was constructed of cardboard tubes with 3. 8 cm 
diameter. This tubing was cut into lengths of 20 cm, 15 cm, and 10 cm. The lengths were 
then taped together in a stair-step manner in an attempt to compensate for the velocity 
depression in the wind tunnel. The idea was to place the longer lengths where the air flow 
was fastest and the shorter lengths where the airflow was slower. There was a notion that 
the air that had to flow through a longer path would be slowed due to the increased 
friction caused by the longer inner diameter wall. A second, single-length, in-path 
straightener was made completely of 20 cm paper tubes to see if the stair-step design had 
an effect on the flow. 
When the ping pong ball was tested with the stair-step in-path straighteners, there 
was still a depression in the airflow. The single-length design was also tested and it too 
did not correct the depression. However, with either straightener, the ball's contact with 
the pipe wall was minimal. The single-length design was selected because of its 
uniformity and light weight. With the straightener in place, the ball no longer spiraled 
around the edges, but instead bobbed vertically. Each time it came above the depression 
area at the source of the flow, it would descend, then ascend again once it came into the 
path of faster flow. The distance between the lowest descent point and the highest ascent 
point of the bobbing action could be decreased by decreasing the airflow. However, if the 
airflow was decreased too much, the ping pong ball would cease bobbing and simply 
descend. If the airflow was increased too much, the ball would ascend. 
The ping pong ball's terminal velocity was calculated using Equation 2.2c. 
Terminal velocity of a 3. 81 cm diameter ping pong ball with a density of 77.7 kg/m3 was 
as follows: 
4 9.8nv'2 0.0381 m 77.7 kgl3 -1.205 kgl 3 V. = Is Im Im 
t 3 0.44 1.205 k�3 
� = 8.48 is Ping Pong Ball 
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(2. 2c) 
Readings from the TVWT were gathered and averaged to 8.51 mis with a 
standard deviation of 0.38. With the average from the wind tunnel falling close to the 
results from Equation 2.2c, the stage was set for testing. The ping pong ball provides a 
control sample to aid future tests and comparisons. 
3.3 Procedures: 
Figure 6 illustrates the top of the TVWT where air exited the system and the nine 
locations that readings were taken. A hot wire anemometer was used to measure air 
velocity at reading locations at the center, inner section (dashed line), and 2.5 cm from 
the outer rim. Five repeated measurements were recorded for each of the 9 locations. 
Variation in the air velocity for the five readings taken at each location was between 0.10 
and 0.35 mis. Variation in velocity among the nine locations was between 0.65 and 2.02 
mis. 
Two techniques to determine a representative terminal velocity of each sample 
were explored. The first was by taking a simple average of the 45 readings (9 locations 
times five readings per location). The second was by dividing the cross-sectional area of 
the pipe into 9 areas, with one reading point in the center of each. Figure 7 shows the 
manner in which the area was divided. The radius was divided into three equal width 
segments, thereby forming three rings of equal width. The center ring corresponding to 
the 9th reading location was a complete circle. The other two rings were divided into 
quadrants to correspond to the four reading locations within them. The areas of each 
section were calculated and multiplied by the average velocity reading in that section. 
The product of each point was then summed to give the terminal velocity. This latter 
method was called the weighted average. 
When results from both methods were compared, the simple average method most 
closely represented the calculated terminal velocity (Equation 2.1 and 3.1) values, 
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Figure 6. Key to the Location of Air Velocity Readings. Viewpoint from top of the 
TVWT. The circled numbers represent the reading locations. The dashed line is the 
location of the center diameter of the pipe. 
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Figure 7. Key to the Location of Area-Weighted Air Velocity Readings. 
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whereas the weighted average method produced lower terminal velocity values. A 
detailed investigation was not conducted to ascertain the differences in calculating a 
representative velocity. However, one explanation may be that the lowest velocity 
readings were generally nearest the pipe walls (locations 1, 2, 3, and 4). These lowest 
readings were weighted more heavily due to the largest section area, so the readings over­
weighted the representative velocity. Particles actually tended to reside near the middle of 
the cross section. It can be shown that a velocity profile distribution, with highest velocity 
near the center and lowest velocity near the wall, would tend to push a particle towards 
the center. These data observations resulted in using a simple average as a representative 
terminal velocity, and the weighted average method was discarded. 
The biomass segment, whether node or intemode, would exhibit the bobbing 
behavior just as the ball did, and with minimal wall interaction. Readings were gathered 
once the airflow was set at a speed for which the sample demonstrated minimal bobbing 
behavior and was observed over a few minutes not to ascend or descend. Air velocity 
readings were averaged to give the terminal velocity for each sample. These terminal 
velocities were recorded in this manner for each of the biomass groups. 
The TVWT terminal velocity results for the three biomass groups were compared 
to the four calculated results, which included solid spherical object, hollow spherical 
object, solid cylindrical object, and hollow cylindrical object. The data gathered from the 
TVWT were subjected to statistical analysis using SAS. The experiment was a complete 
randomized design used to compare the terminal velocity of node and intemode 
segments. Of the number of samples tested, there were 24 segments of wheat straw, 144 
segments of switchgrass, and 80 segments of com stover. Analysis of variance was 
conducted with GLM procedure (SAS Institute Inc, Cary NC) at the a = 0.05 level and 




Results of comparing terminal velocity from the TVWT and published equations 
calculated for spherical, cylindrical, hollow and solid particles indicated that calculations 
for solid spherical particles were most representative of TVWT results. Table 2 displays 
an excerpt from preliminary data gathered from runs on 1.3 cm length switchgrass that 
had a low moisture content (15% w. b ). These contain the measured terminal velocity 
readings that compared to the four calculated results mentioned in the previous chapter. 
In Table 2, the first two columns after the sample identification column show the 
densities of the particles calculated two different ways. The second column is where the 
outer volume was used to find the apparent density. The third column is where the inner 
open volume of the particle was subtracted from the outer volume to produce the true 
density. The table shows the apparent density of intemodes was half that of true density, 
whereas the apparent density of nodes was just slightly less than the true density of 
nodes. There was a large difference between the apparent density and true density in 
biomass with hollow stems like switchgrass and wheat straw. 
A noticeable difference between terminal velocities calculated assuming spherical 
and cylindrical objects appeared for all three biomass groups, as shown in the next four 
columns in Table 2. These show the calculated results for solid spherical object terminal 
velocity, hollow spherical object terminal velocity, solid cylindrical object terminal 
velocity, and hollow cylindrical object terminal velocities. Readings from the TVWT 
were recorded in the next two columns, and can be compared to the calculated values. 
The measured results were the most comparable to the spherical object terminal velocity 
calculated with the apparent particle density, as Table 3 illustrates. 
Intemodes displayed approximately 34% difference in terminal velocities between 
solid and hollow subjects as calculated from Table 2. Nodes displayed a 34% difference 
also. The smaller percent difference for the latter is most likely because a node in samples 
that used a 1.3 cm and 0.6 cm lengths are practically a solid object. For 2.5 cm lengths, 
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Table 2. Terminal Velocity Comparisons for 1 .3 cm Length Switchgrass 
Spherical Spherical Cylindrical Cylindrical 
Apparent True Terminal Terminal Terminal Terminal TVWT 
Density Density Velocity3 Velocitya Velocit/ Velocit/ TVWT Reading Standard 
Sam�Ie Id (AD) (TD) w/ AD w/ TD w/AD w/TD Readini Ranie Deviation 
Intemode kg/m3 kg/m3 mis mis mis mis mis mis 
50SDI4 390 746 . 5.78 8.0 1 . 3.80 5.24 5.74 1 .36 0.34 
50SDI5 362 725 5.59 7.82 3.68 5.21 5.53 0.87 0.22 
50SDI6 354 680 5.55 7.70 3.65 5.06 5.54 1 .05 0.26 
50SDI7 390 76 1 5.79 8.09 3.80 5.32 5.59 1 . 16 0.29 
50SDI8 383 788 5.74 8.24 3.77 5.42 5.52 1 .35 0.34 
Node 
N 50SDN1 1  601 66 1 7.45 7.8 1 · 4.89 5.14 7 .3 1 1 .92 0.48 
N 50SDN12 565 724 7.22 8 . 1 8  4.75 5 .37 7.19  1 .78 0.45 
50SDN13  592 674 7.36 7.86 4.84 5)6 7.28 1 .52 0.38 
50SDN14 667 756 7.94 8.46 5 .22 5.56 7.89 1 .35 0.34 
50SDN15 676 768 7.98 8.50 5.24 5.59 7.94 1 .69 0.42 
a: Spherical terminal velocity where 1 x 103 < Re < 2 x 105 (Mohsenin, 1970). 
b: Cylinder terminal velocity where I x  103 < Re <  2 x 105 (Mohsenin, 1 970). 
Table 3 .  Terminal Velocities for the Combinations of the Three Biomass Groups. 
Reported values are averages from 10- 1 2  replications. 
Vt 
Readings 
Biomass Location from the 
TWTS 
(mis) 
1 .3 cm Dry Node 4.9 1 
Wheat Straw Internode 3 .35 
2.5 cm Dry Node 6.59 
Switchgrass Internode 5.07 
2.5 cm Wet Node 8.43 
Switchgrass Internode 5 .93 
1 .3 cm Dry Node 7.50 
Switchgrass Internode 5.53 
1 .3 cm Wet Node 8.50 
Switchgrass lnternode 6.23 
0.6 cm Dry Node 7.58 
Switchgrass Internode 5.4 1  
0.6 cm Wet Node 9.62 
Switchgrass Internode 5.92 
1 .3 cm Dry Node 3 .71  
Corn Pith Internode 2.84 
1 .3 cm Dry Node 6.93 
Corn Rind Internode 5 .83 
1 .3 cm Wet Node 7.5 1 
Corn Pith Internode 3 . 1 1  
1 .3 cm Wet Node 7.74 
Com Rind Internode 7 .63 
Std. Dev. 
0. 1 8  






























3 .37 0. 15  
6.6 1 0.22 
5. 10 0.3 1 
8.50 0.39 
5.99 0.39 
7.58 0.3 1 
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6.96 0.32 
5.87 0. 15 
7 .54 0.4 1 
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* Spherical terminal velocity where 1 x 103 < Re <  2 x 105 (Mohsenin, 1970) 
** Within biomass type (wheat, switchgrass, or com), measured V1 values are different (P 
< 0.001) for different letters. 
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the sample would have more hollowness, and thus a greater difference between apparent 
and true density. Only 1.3 cm lengths of switchgra-ss were calculated for the preliminary 
testing to determine which density to use. 
Table 3 also displays the TVWT readings compared to the solid spherical object 
calculations. The results illustrate that the TVWT provides satisfactory data proving the 
applicability to this situation of the equation for a solid spherical object terminal velocity 
published by Mohsenin ( 1970) in Equation 1.1. The openings on the ends of the biomass 
segments appear to have been too small for significant airflow to pass, so the segment 
acted solid instead of hollow. The dynamic behavior of the cylindrical-shaped biomass 
particles in air also appears to have been more similar to that of spheres than to cylinders. 
Equation 2.1 is for an infinite length cylinder that is perpendicular to the flow, which may 
account for the poor performance of the equation for cylindrical particles, though the 
tested biomass particles were cylindrical in shape, they had short lengths. The samples 
were neither infinite, nor did they suspend perpendicularly. When samples were 
subjected to the air stream they spun. 
Results of the difference in terminal velocity of biomass nodes and intemodes are 
essential data for pneumatic separation applications. Table 4 summarizes percentage 
difference between nodes and intemodes of each biomass group. For all three species, 
except wet com rinds, the terminal velocity of nodes and intemodes differed (P<.0001 ). 
There was only a 1.44% difference in calculated terminal velocities of wet com rind 
nodes and intemodes, well below the 10% difference necessary for good separation, as 
suggested by Douglas M. Bilsland quoted by Jackson et al. (1996). The effects of length 
and moisture content on switchgrass terminal velocity are illustrated in Tables 3 and 4. 
Switchgrass segments of shorter length and higher moisture content displayed the 
greatest difference in terminal velocity between node and intemode. Interestingly, the 1.3 
cm cut segments of both dry and wet groups had a similar percentage difference. The 
com stalk segment locations (pith and rind origins) and the moisture content both had an 
effect on terminal velocity. Wet com pith locations show the greatest percent difference 
with the node segments being 141.5% greater than intemode segments. The conclusion 
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Table 4. Percent Terminal Velocity Difference Between Node and Intemode. Percentages 
are based on TVWT results. 
Biomass 
1 .3 cm Dry Wheat Straw 
2.5 cm Dry Switchgrass 
2.5 cm Wet Switchgrass 
1 .3 cm Dry Switchgrass 
1 .3 cm Wet Switchgrass 
0.6 cm Dry Switchgrass 
0.6 cm Wet Switchgrass 
1 .3 cm Dry Corn Pith 
1 .3 cm Dry Corn Rind 
1 .3 cm Wet Corn Pith 
1 .3 cm Wet Corn Rind 
% Terminal Velocity Difference 
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Node is 46.57% Greater 
Node is 29.98% Greater 
Node is 42. 16% Greater 
Node is 35 .62% Greater 
Node is 36.44% Greater 
Node is 40. 1 1  % Greater 
Node is 62.50% Greater 
Node is 23 .45% Greater 
Node is 1 8 .87% Greater 
Node is 1 4 1 .48% Greater 
Node is 1 .44% Greater 
was that, on average, the threshold of difference between nodes and internodes is 
significant for the purpose of separation. 
In real world applications biomass most likely will not be separated one segment 
at a time, as it was in this study. After the results for this experiment were gathered, a 
casual experiment was conducted where all the segments of a biomass group were placed 
into the terminal velocity wind tunnel to see if the machine would separate the nodes and 
intemodes. The samples were placed into the machine and the air flow was slowly 
increased so that most if not all the segments were bobbing. The airflow was then 
increased enough so that segments with lower terminal velocity were lifted to the top of 
the pipe and pinned to the top screen. The higher velocity segments were still bobbing at 
the lower section of the pipe. By visual observation, the nodes and intemodes of each of 
the eleven groups were successfully separated. 
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CHAPTER S 
CONCLUSIONS AND RECOMMENDATIONS 
A fabricated vertical wind tunnel for determining terminal velocity had an air 
velocity range velocity from 3.0 to 9.5 mis. In-path flow straighteners were placed in the 
pipe, and velocity variations between highest and lowest readings across the outlet was a 
maximum of about 20% at a given air velocity. Measured terminal velocities were to 
values calculated using Mohsenin (1970) equations were similar, provided the equation 
for solid spherical particles was used. To determine terminal velocity differences between 
node and intemode biomass, segments of comparable diameter and volume were cut from 
wheat, switchgrass, and corn. Calculated values were compared to measured results from 
the wind tunnel. This comparison was then subjected to statistical analysis to determine 
differences between node and intemode segments. 
Calculation of the terminal velocity published equations used Re for a pipe to 
determine the drag coefficient. Terminal velocities were calculated for solid spherical 
object, hollow spherical object, solid cylindrical object, and hollow cylindrical object. 
Intemodes displayed approximately 23% difference in terminal velocities between solid 
and hollow subjects. Nodes displayed about a 5% difference. 
Switchgrass with a high moisture content (52% w. b.) that was cut into 0.6 cm 
length segments had greater terminal velocity differences between node and internode 
sections. In all three lengths (0.6, 1.3, and 2.5 cm), switchgrass with high moisture 
content had a higher percent of difference between node and intemode segments. In the 
low moisture level subjects, the 2.5 cm lengths proved to have the least amount of 
difference. The reason for this lower difference could be due to an increase in the 
hollowness of the segments, making the node and intemode terminal velocities more 
alike because of less density difference. 
Com pith with a high moisture content (43% w. b.) had node terminal velocity 
141.48% greater than intemode terminal velocity. When a 10% difference is required, the 
variation between nodes and intemodes for wet corn rinds would not be sufficient due to 
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only a 1.44% difference. Com rind segments, with both high and low moisture contents, 
had the least difference in the terminal velocity between nodes and intemodes. Pith 
segments had greater density differences because node particles contained bundles of 
cord-like material, whereas intemode particles were less dense. 
The frontal area of the cross section is smaller than the frontal area of the length 
wise section in segments where the length to diameter ratio is greater than one. In ratios 
that are equal to one, the sample size more closely resembles a cube instead of an 
elongated cylinder. However, in real world applications, a ratio greater than one is more 
feasible, especially in the case of small diameter biomass. A ratio that satisfies the 
economics of processing biomass and also provides a threshold of difference that can be 
utilized in sorting is an area worthy of further investigation. 
The research reported herein should benefit the biomass processing industries by 
providing data that can be used to model botanical plant part separations. Future study 
along the lines of this research may involve other biomass species, the nature of the 
samples, and/or modifications to the wind tunnel. Other biomass species that have a node 
and intemode segments that are suggested for this manner of experimentation include 
cane, field crops, and grasses. The nature of the samples can be modified in order to 
explore such effects as varying levels of moisture content, length of cut, and the effects of 
not-so-clean-cut edges. Various node orientations on a segment such as having the node 
on the tip of the cut or at random points on the particle would be interesting. The wind 
tunnel design perhaps has potential for improvement as well like replacing the clear PVC 
pipe with a long tapered funnel or improvements to air flow introduction to the pipe. 
In this research the terminal velocity differences between node and intemode 
biomass segments of comparable diameter and volume for various biomass were 
recorded from both measured and calculated methods. In both methods there were 
significant thresholds of difference between wheat straw, switchgrass, and com stalk 
particles. The unpublished data by Douglas M. Bilsland quoted by Jackson et al (1996) 
mentioned in Chapter Two references the Hendricksen Enterprises (Corvallis, Oregon) 
Air Stream Separator, and how a 10% or greater bulk density difference, was needed for 
good separation. In all three biomass species, with exception to the wet com rind 
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particles, the groups displayed a greater than 10% density difference and thus have the 
potential for good separation. 
The effects on switchgrass particle length and moisture content had an effect on 
the terminal velocity of nodes and internodes. This was due to the correlation of changes 
between density and terminal velocity. This effect was also found true in the corn species, 
where corn stalk pith and ·rind locations and moisture content on terminal velocity of 
nodes and internodes were evaluated. When multiple biomass particles of nodes and 
internodes of similar length, density, and shape were placed into the TVWT, internodes 
separated from nodes when the air flow exceeded the internodes' terminal velocity. This 
illustrated the potential for terminal velocity to be used as a means of separation. 
The overall objective was to identify terminal velocity differences for various 
biomass anatomical components. Because the thresholds of difference in terminal 
velocity are significant, this research is evidence that pneumatic separation is a viable 
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Table A-1. 1.3 cm Length Dry Wheat Sample Matrix 
Spherical Cylindrical TVWT 
Sample Avg. Solid Terminal Terminal TVWT Reading Std. 
Id Diameter Length Wt. Volume Solid Densit� Velocitt Velocitl R�ading Range Dev. 
inch cm inch cm g cm
3 'l/..Cm3 k'l/..m3 mis mis mis mis 
50WDI1 0. 1 43 0.362 0.504 1 .28 O.o t 8  0. 1 32 0. 1 37 1 37 3 .48 2.28 3.46 0.48 0. 1 2  
50WDI2 0. 1 44 0.364 0.501 1 .27 O.o t5 0. 1 33 0. 1 1 3 1 1 3 3. 1.7 2.08 3 . 1 5  0.54 0. 14  
50WDI3 0. 143 0.363 0.502 1 .27 0.0 19  0. 1 32 0 . 144 1 44 · 3 .57 2.35 3 .59 0.60 0. 1 5  
50WDI4 0 . 144 0.364 0.501 1 .27 O.o t8  0. 1 33 0. 1 36 1 36 3.47 2.28 3.42 0.49 0. 1 2  
50WDI5 0. 1 44 0.364 0.500 1 .27 O.o t5 0. 1 32 0. 1 13 1 13 3 . 1 7  2.09 3 . 1 3  0.67 0. 1 7  
50WDI6 0. 144 0.364 0.500 1 .27 0.0 17  0. 1 32 0. 1 28 1 28 3.38 2.22 3.36 0.5 1 0. 1 3  
50WDI7 0. 144 0.364 0.499 1 .27 O.o t8  0. 1 32 0. 1 36 1 36 3.48 2.29 3.44 0.83 0.21 
50WDI8 0. 144 0.364 0.499 1 .27 0.0 16  0. 1 32 0. 1 2 1  1 21 3.28 2. 1 6  3 .28 0.6 1 0. 1 5  
50WDI9 0. 144 0.364 0.501 1 .27 O.o t8  0. 1 33 0. 1 36 1 36 3.47 2.28 3.44 0.75 0. 1 9  
50WDIIO 0. 1 44 0.364 0.502 1 .27 0.0 19  0. 1 33 0. 143 143 3 .57 2.35 3 .57 0.83 0.21 
50WDII 1 0. 1 44 0.366 0.501 1 .27 0.0 1 5  0. 1 34 0. 1 12 1 12 3. 1 6  2.08 3. 1 2  0.75 0. 1 9  
50WDI1 2 0 . 143 0.363 0.500 1 .27 0.0 16  0. 1 3 1  0. 1 22 1 22 3 .28 2. 1 6  3 .26 0.54 0. 1 4  
50WDN1 0. 143 0.363 0.499 1 .27 0.037 0. 1 3 1  0.282 282 5.01 3.24 4.96 0.69 0. 1 7  
50WDN2 0 . 143 0.363 0.500 1 .27 0.038 0. 1 3 1  0.290 290 5.08 3 . 15  5.07 0.52 0. 1 3  
50WDN3 0. 143 0.364 0.499 1 .27 0.035 0. 1 32 0.266 266 4.87 2.97 4.85 0.78 0.20 
50WDN4 0. 144 0.365 0.499 1 .27 0.036 0. 1 33 0.27 1 27 1 4.93 3.09 4.92 0.74 0. 1 9  
50WDN5 0. 143 0.362 0.500 1 .27 0.032 0. 1 3 1  0.245 245 4.66 2.89 4.64 0.66 0. 1 7  
50WDN6 0. 143 0.363 0.501 1 .27 0.032 0. 1 3 1  0.244 244 4.65 2.87 4.6 1 0.77 0 . 19  
50WDN7 0. 1 43 0.363 0.499 1 .27 0.039 0. 1 3 1  0.297 297 5. 1 5  3 . 1 6  5 . 1 1 0.6 1 0 . 15  
50WDN8 0. 1 44 0.366 0.492 1 .25 0,03 1 0. 1 3 1  0.236 236 4.60 2.89 4.75 0.69 0. 1 7  
50WDN9 0. 143 0.363 0.502 1 .27 O.o35 0. 1 32 0.265 265 4.86 3 .06 4.86 0.82 0.21 
50WDN 10  0. 144 0.364 0.502 1 .28 0.036 0. 1 33 0.271 27 1 4.92 3.09 4.92 0.72 0. 1 8  
50WDN 1 1  0. 148 0.376 0.501 1 .27 0.041 0. 141  0.29 1 291 5.1 8 3 .26 5 . 14  0.88 0.22 
50WDN1 2  0. 148 0.375 0.501 1 .27 0.040 0. 1 40 0.285 285 5 . 12  3.23 5. 1 2  0.66 0. 17  
a: Spherical terminal velocity where 1 03 < Re <  2 x 103 (Mohsenin, 1970). b :  Cylinder terminal velocity where lx 103 < Re <  2 x 1 05 (Mohsenin, 1 970). 

























0. 1 22 0.309 
0. 1 24 0.3 16  
0. 1 22 0.31 1 
0. 1 23 0.3 1 2  
0. 1 23 0.3 13  
0. 1 24 0.3 14  
0. 1 24 0.3 14  
0. 1 24 0.3 14  
0. 1 24 0.3 1 6  
0. 1 22 0.3 1 0  
0. 1 24 0.3 1 6  
0. 1 25 0.3 17  
0. 1 25 0.3 1 7  
0. 1 26 0.320 
0. 1 27 0.322 
0. 1 26 0.320 
0. 1 26 0.3 1 9  
0. 1 26 0.320 
0. 1 26 0.3 1 9  
0. 1 24 0.3 1 5  
Length 
inch cm 
0.522 1 .33 
0.5 10  1 .30 
0.523 1 .33 
0.5 17  1 .3 1  
0.508 1 .29 
0.501 1 .27 
0.506 1 .29 
0.521 1 .32 
0.5 12  1 .30 
0.508 1 .29 
0.503 1 .28 
0.501 1 .27 
0.500 1 .27 
0.501 1 .27 
0.500 1 .27 
0.501 1 .27 
0.501 1 .27 
0.500 1 .27 
0.501 1 .27 
0.501 1 .27 
Solid 
Wt. Volume Solid Densitl:'. 
g cm
3 f!..cm3 kf!..m3 
0.0550 0. 1 14 0.484 484 
0.0550 0.1 14 0.484 484 
0.05 10  0.1 14  0.448 448 
0.0500 0.1 1 2  0.446 446 
0.0480 0. 1 1 2 0.428 428 
0.0480 0.1 1 2  0.430 430 
0.0520 0. 1 14 0.457 457 
0.0490 0. 1 16 0.421 421 
0.0480 0. 1 14 0.420 420 
0.0520 0. 1 1 1  0.467 467 
0.0750 0 . 1 1 3  0.662 662 
0.0620 0. 1 15 0.540 540 
0.0640 0.1 14 0.561 561 
0.0780 0. 1 17 0.668 668 
O.o?OO 0. 1 1 8  0.595 595 
0.0710  0. 1 1 8 0.601 601 
0.0650 0. 1 16 0.558 558 
0.0760 0. 1 17 0.652 652 
0.0820 0. 1 1 6 0.708 708 
0.0740 0.1 1 2  0.658 658 
Spherical Cylindrical 
Terminal Terminal TVWT 
Velocitl Velocitl Reading 
mis mis mis 
6.07 3.99 5.96 
6 . 12  4.03 6. 1 2  
5 .85 3 .84 5.84 
5 .85 3 .84 5 .80 
5.74 3.77 5 .70 
5 .76 3.78 5 .75 
5.94 3.90 5.91 
5 .70 3.74 5 .64 
5.71 3.75 5 .66 
5.97 3.92 5.87 
7 . 17  4.7 1 7. 1 6  
6.49 4.26 6.45 
6.61 4.34 6.58 
7.25 4.77 7.21 
6.86 4.5 1 6 .83 
6.88 4.52 6.82 
6.61 4.35 6.57 
7. 1 7  4.7 1 7. 1 5  
7.45 4.90 7.44 
7 . 14 4.69 7. 1 3  





0.48 0. 1 6  
0.44 0. 1 5  
0.5 1 0. 1 7  
0.32 0. 1 1  
0.49 0. 1 6  
0.37 0. 1 2  
0.58 0. 1 9  
0.36 0. 1 2  
0.6 1 0.20 
0.43 0. 14  




1 .05 0.35 
1 .2 1  0.40 
0.99 0.33 
1 .04 0.35 
0.99 0.33 
0.98 0.33 

























0. 1 24 0.3 15 
0. 1 24 0.3 14 
0. 1 22 0.3 10  
0. 1 23 0.3 12  
0. 1 23 0.3 1 2  
0. 1 23 0.3 13  
0. 1 24 0.3 16 
0 . 123 0.3 1 2  
0. 1 23 0.3 1 1  
0. 1 23 0.3 13  
0. 127 0.321 
0. 1 26 0.3 19 
0. 1 25 0.3 1 8  
0. 1 25 0.3 1 8  
0. 1 26 0.321 
0. 1 25 0.3 1 8  
0. 1 27 0.323 
0. 1 25 0.3 18  
0. 1 27 0.321 
0. 1 26 0.320 
Length 
inch cm 
0.5 15 1 .3 1  
0.5 16 1 .3 1  
0.5 14 1 .3 1  
0.509 1 .29 
0.5 15 1 .3 1  
0.5 17  1 .3 1  
0.5 19 1 .32 
0.520 1 .32 
0.509 1 .29 
0.520 1 .32 
0.501 1 .27 
0.500 1 .27 
0.499 1 .27 
0.499 1 .27 
0.501 1 .27 
0.501 1 .27 
0.501 1 .27 
0.500 1 .27 
0.499 1 .27 
0.500 1 .27 
Solid 
Wt. Volume Solid Densit.}': 
g cm3 'l/_cm3 k&!'.m3 
0.0140 0. 1 16 0. 1 20 1 20 
0.0 1 30 0. 1 15 0. 1 13 1 1 3 
0.0 1 30 0.1 1 3  0. 1 15 1 1 5 
O.Ql lO  0. 1 1 2 0.098 98 
0.0 120 0. 1 14 0. 105 105 
0.0140 0. 1 1 3 0. 124 1 24 
0.0 120 0. 1 17 0. 1 03 103 
0.0 120 0.1 16  0. 1 03 1 03 
0.01 10  0.1 1 2  0.098 98 
0.0 120 0. 1 16 0. 1 03 103 
0.0 1 80 0.1 1 8  0. 153 1 53 
0.0250 0. 1 17 0.2 14 214 
0.02 10  0. 1 16 0. 1 82 1 82 
0.0210 0. 1 14 0. 1 84 1 84 
0.0150 0. 1 17 0. 1 28 1 28 
0.0 170 0. 1 16 0. 147 147 
0.0260 0. 1 20 0.217 2 17  
0.0240 0. 1 15 0.209 209 
0.0220 0. 1 1 8 0. 1 86 1 86 
0.0 190 0 . 1 16  0. 1 64 164 
Spherical Cylindrical 
Terminal Terminal TVWT 
Velocitl Velocit:l Reading 
mis mis mis 
3.04 2.00 2.98 
2.95 1 .94 2:89 
2.95 1 .94 2.94 
2.73 1 .79 2.69 
2.82 1 .86 2.82 
3.08 2.02 3 .04 
2.8 1  1 .85 2.77 
2.8 1  1 .84 2.8 1 
2.72 1 .79 2.67 
2.81 1 .84 2.80 
3.46 2.28 3.45 
4.09 2.69 4.04 
3 .76 2.47 3 .76 
3.78 2.49 3.75 
3 . 17  2.08 3 . 1 5  
3.38 2.22 3 .37 
4. 1 5  2.73 4.1 1 
4.03 2.65 4.00 
3.82 2.5 1 3 .85 
3.58 2.36 3 .58 





0.32 0. 1 1  
0.49 0. 1 6  
0.33 0. 1 1  
0.39 0. 1 3  
0.27 0.09 
0.50 0. 1 7  
0.44 0. 1 5  
0.34 0. 1 1  
0.36 0. 1 2  
0.49 0. 1 6  
0.84 0.28 








0.93 0.3 1 
w 

























0. 1 23 0.3 13  
0. 124 0.3 14 
0. 1 23 0.3 12  
0. 1 22 0.3 1 1  
0. 1 22 0.3 10  
0. 1 23 0.3 1 1 
0. 1 24 0.3 14  
0. 1 24 0.3 14 
0. 1 22 0.3 1 1 
0. 1 22 0.309 
0. 1 25 0.3 1 8  
0. 1 25 0.3 1 6  
0. 1 25 0.3 1 8  
0. 1 25 0.3 17  
0. 1 25 0.3 1 8  
0. 1 26 0.320 
0. 1 27 0.323 
0. 1 28 0.326 
0. 1 24 0.3 14  
0. 1 27 0.322 
Length 
inch cm 
0.500 1 .27 
0.500 1 .27 
0.500 1 .27 
0.502 1 .27 
0.502 1 .28 
0.502 1 .28 
0.504 1 .28 
0.504 1 .28 
0.501 1 .27 
0.502 1 .27 
0.500 1 .27 
0.499 1 .27 
0.501 1 .27 
0.501 1 .27 
0.499 1 .27 
0.500 1 .27 
0.502 1 .27 
0.500 1 .27 
0.499 1 .27 
0.499 1 .27 
Solid 
Wt. Volume Solid Densit� 
g cm
3 'if..cm3 k'if..m3 
0.0780 0. 1 10 0.706 706 
0.0870 0.1 12  0.776 776 
0.0800 0. 1 1 1  0.7 1 8  7 1 8  
0.0840 0. 1 10 0.760 760 
0.0870 0. 1 10 0.791 791 
0.0960 0. 1 1 1  0.863 863 
0.0880 0. 1 1 3 0.779 779 
0.0950 0. 1 1 3 0.843 843 
0.0780 0. 109 0.7 15 715 
0.0760 0. 1 08 0.703 703 
0.0810 0. 1 15 0.705 705 
0.0800 0. 1 14 0.702 702 
0.0930 0. 1 1 5 0.806 806 
0.0950 0. 1 15 0.828 828
° 
0. 1 010  0. 1 16 0.869 869 
0.0820 0. 1 16 0.708 708 
0.0950 0.1 19  0.796 796 
0. 1020 0. 1 22 0.837 837 
0.08 10 0.1 1 2  0.723 723 
0.0840 0.1 1 8  0.7 1 3  7 1 3  
Spherical Cylindrical 
Terminal Terminal TVWT 
Velocitl Velocitl Reading 
mis mis mis 
7.38 4.85 7 .35 
7.75 5.09 7.69 
7.43 4.88 7 .41  
7.62 5.01 7.61 
7.77 5 . 1 1 7 .74 
8 . 13  5.34 8. 1 2  
7.76 5 . 10 7.72 
8.08 5.31 8.04 
7.39 4.86 7.35 
7.30 4.80 7.28 
7.43 4.88 7.40 
7 .39 4.86 7 .33 
7.94 5.22 7.96 
8.03 5.28 8.00 
8.24 5.4 1 8.24 
7.47 4.91 7.46 
7.95 . 5 .22 7.90 
8. 1 9  5.38 8 . 14  
7.47 4.91 7.46 
7 .52 4.94 7 .48 





1 .03 0.34 
1 .09 0.36 







0.93 0.3 1 
1 .00 0.33 
0.94 0.3 1 
1 . 17  0.39 
0.95 0.32 
1 .04 0.35 
1 . 16  0.39 
1 . 1 2  0.37 
0.95 0.32 
1 .04 0.35 
0.84 0.28 

























0. 1 22 0.3 1 1  
0. 1 24 0.3 14 
0. 123 0.3 1 1 
0. 1 23 0.3 1 2  
0. 1 22 0.309 
0. 1 22 0.309 
0. 1 23 0.3 13  
0. 1 23 0.3 1 1 
0. 1 22 0.3 1 1 
0. 1 22 0.3 1 1  
0. 1 25 0.3 16  
0. 1 25 0.3 16 
0. 1 25 0.3 1 8  
0. 1 24 0.3 16 
0. 1 25 0.3 17 
0. 1 25 0.3 18  
0. 1 27 0.321 
0. 1 28 0.324 
0. 1 27 0.322 
0. 1 28 0.326 
Length 
inch cm 
0.501 1 .27 
0.502 1 .28 
0.500 1 .27 
0.501 1 .27 
0.501 1 .27 
0.500 1 .27 
0.500 1 .27 
0.500 1 .27 
0.499 1 .27 
0.499 1 .27 
0.500 1 .27 
0.501 1 .27 
0.499 1 .27 
0.502 1 .27 
0.500 1 .27 
0.501 1 .27 
0.500 1 .27 
0.500 1 .27 
0.502 1 .28 
0.499 1 .27 
Solid 
Wt. Volume Solid Densit� 
8 cm
3 'lf_cm3 k'lf_m3 
0.0 120 0. 1 08 0. 1 1 1  1 1 1  
0.0100 0.1 1 2  0.089 89 
0.0 120 0. 1 10 0. 109 1 09 
0.0190 0. 1 12 0. 1 70 1 70 
0.0 190 0. 1 09 0. 1 74 1 74 
0.01 10 0. 109 0. 10 1  10 1  
0.0 120 0. 1 1 2  0. 1 07 1 07 
0.0 170 0. 1 09 0. 1 55 1 55 
0.0140 0. 109 0. 1 29 1 29 
0.0 1 80 0.1 10  0. 1 64 1 64 
0.0720 0. 1 1 3  0.635 635 
0.0750 0. 1 14 0.656 656 
0.0730 0. 1 14 0.640 640 
0.0940 0. 1 1 5 0.821 821 
0.0760 0. 1 1 5 0.662 662 
0.0900 0. 1 1 7 0.77 1 77 1 
0.0840 0. 1 19 0.704 704 
0.09 10  0. 1 20 0.756 756 
0.0930 0. 1 19 0.780 780 
0. 1000 0. 1 21 0.823 823 
Spherical Cylindrical 
Terminal Terminal TVWT 
Velocitl Velocitl Reading 
mis mis mis 
2.89 1 .90 2.86 
2.6 1 1 .7 1  2.60 
2.87 1 .89 2.85 
3.60 2.37 3.55 
3.63 2.39 3.62 
2.76 1 .8 1  2.76 
2.86 1 .88 2.83 
3.44 2.26 3.40 
3 . 1 3  2.05 3. 1 0  
3.53 2.32 3.5 1 
7.03 4.62 6.99 
7 . 14 4.70 7 . 14 
7.08 4.65 7.05 
7.98 5.25 7.94 
7. 1 8  4.72 7 . 14  
7.77 5 . 1 1 7.73 
7.46 4.90 7.47 
7.76 5 . 10  7.7 1  
7.86 5 . 1 7  7.86 
8 . 1 2  5 .34 8.08 





1 . 1 9  0.40 
1 . 14 0.38 
1 .24 0.4 1 
1 .00 0.33 
0.9 1 0.30 
1 .26 0.42 
0.96 0.32 
1 .32 0.44 
1 . 1 9 0.40 
1 .24 0.4 1 
1 .30 0.43 
1 . 1 4  0.38 
1 . 1 2  0.37 
1 .28 0.43 
0.95 0.32 
1 .34 0.45 
1 . 1 2  0.37 
1 .23 0.4 1 
1 .45 0.48 
1 .23 0.4 1 
� 
0 

































0 . 145 
0. 1 44 
0. 144 
0. 144 























































0.25 1 0.638 
0.252 0.639 
0.249 0.632 






















































0.3 17  
0.346 
















































































































































1 .03 25SDN1 2  0. 146 0.371 0.253 0.643 0.0430 0.0696 0.6 17 617 7.51 4.94 7 .5 1  
a :  Spherical terminal velocity where I 03 < R e  < 2 x 105 (Mohsenin, 1970). b :  Cylinder terminal velocity where 1 x I 03 < R e  < 2 x 103 (Mohsenin, 1970). 
Std. 
Dev. 
0. 12  
0.05 
0. 1 0  
0. 12  
0. 1 5  
om 
0. 1 5  
0. 1 1  
0. 1 3  
0. 1 5  































50SDN1 0  
50SDNI I 
50SDN 1 2  
50SDN1 3 
50SDN14  
50SDN1 5  
50SDN 1 8  




inch cm inch cm 
0. 14 1  0.357 0.5 19  1 .32 
0. 1 39 0.352 0.476 1 .2 1  
0. 1 38 0.349 0.506 1 .29 
0. 1 39 0.352 0.504 · 1 .28 
0. 1 40 0.354 0.507 1 .29 
0. 1 38 0.349 0.495 1 .26 
0. 1 38 0.35 1 0.5 1 2  1 .30 
0. 1 50 0.380 0.5 1 8  1 .3 1  
0. 149 0.378 0.508 1 .29 
0 . 147 0.373 · 0.5 14  1 .30 
0. 146 0.370 0.485 1 .23 
0. 147 0.373 0.520 1 .32 
0. 143 0.362 0.490 1 .24 
0. 1 36 0.345 0.501 1 .27 
0. 1 40 0.355 0.5 1 0  1 .30 
0. 141 0.359 0.488 1 .24 
0. 148 0.375 0.5 16  1 .3 1  
0. 148 0.375 0.5 17  1 .3 I 
0. 1 47 0.372 0.526 1 .34 
0. 152 0.385 0.528 1 .34 
0. 1 5 1  0.382 0.528 1 .34 
0. 145 0.368 0.528 1 .34 
0. 145 0.367 0.5 1 1  1 .30 
0. 147 0.373 0.5 15 1 .31  
Solid 
Wt. Volume Solid Density 
g crn
3 8!.,cm3 k8!.,rn3 
0.049 0. 1 32 0.372 372 
0.044 0. 1 17 0.375 375 
0.048 0. 1 23 0.390 390 
0.045 0. 1 24 0.362 362 
0.045 0. 1 27 0.354 354 
0.047 0. 1 20 0.390 390 
0.048 0. 1 25 0.382 382 
0.044 0. 149 0.296 296 
0.048 0. 145 0.331 33 1 
0.043 0. 143 0.301 301 
0.045 0. 1 32 0.341 341 
0.050 0 . 145 0.346 346 
0.o78 0. 1 28 0.6 10  6 10  
O.o78 0. 1 1 9 0.654 654 
0.09 1 0. 1 28 0.7 10 7 10  
O.Q78 0. 1 25 0.623 623 
0.087 0. 145 0.601 601 
0.082 0 . 145 0.565 565 
0.086 0. 145 0.592 592 
0. 1 04 0. 156 0.667 667 
0. 1 04 0 . 154 0.676 676 
0.080 0. 142 0.562 562 
0.092 0. 1 37 0.670 670 
0.099 0. 1 43 0.692 692 
Spherical Cylindrical 
Terminal Terminal TVWT 
Velocitt Velocitl Reading 
mis mis mis 
5.7 1  3.75 5 .73 
5 .69 3.74 5 .57 
5.78 3.80 5.74 
5 .59 3 .68 5.53 
5 .55 3 .65 5.54 
5.79 3.80 5 .59 
5 .74 3.77 5 .52 
5.25 3.45 5 .28 
5 .55 3 .65 5 .48 
5 .25 3.45 5 .29 
5 .56 3 .66 5 .5 1 
5.63 3 .70 5 .59 
7.37 4.84 7.25 
7.45 4.90 7. 1 2  
7.87 5 . 17  7.84 
7 .42 4.87 7.37 
7.45 4.89 7.3 1 
7.22 4.75 7. 1 9  
7.36 4.84 7 .28 
7.94 5 .22 7.89 
7.98 5.24 7.94 
7 . 1 3  4.69 7 . 14  
7.78 5 . 1 1 7.73 
7.97 5 .24 7.92 





0.8 1 0.20 
0.7 1 0. 1 8  
0.79 0.20 
0.62 0. 1 6  
0.44 0. 1 1  
0.48 0. 1 2  
0.56 0 . 14  
0.76 0. 1 9  
0.60 0. 1 5  
0.42 0. 1 1  
0.59 0. 1 5  
0.5 1 0. 1 3  
1 .29 0.32 
0.99 0.25 
1 .39 0.35 
1 . 17 0.29 
1 .02 0.26 
1 .78 0.45 
1 .52 0.38 
1 .35 0.34 
1 .69 0.42 
1 .27 0.32 
1 .37 0.34 
1 .03 0.26 











I OSDI IO  
IOSDl1 1 
















0. 145 0.367 
0. 146 0.371 
0. 1 43 0.363 
0. 143 0.362 
0. 146 0.370 
0. 143 0.363 
0. 143 0.362 
0. 144 0.364 
0. 143 0.362 
0. 144 0.366 
0. 143 0.362 
0. 143 0.363 
0. 143 0.364 
0. 143 0.364 
0. 144 0.365 
0. 143 0.364 
0. 143 0.363 
0. 143 0.364 
0. 143 0.363 
0. 143 0.36i 
0. 144 0.364 
0. 144 0.366 
0. 150 0.380 
0. 1 50 0.380 
Length 
inch cm 
1 .00 2.54 
0.99 2.5 1 
1 .00 2.54 
1 .00 2.54 
0.99 2.5 1 
1 .01 2.55 
1 .00 2.55 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .01 2.57 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.55 
0.99 2.5 1 
0.99 2.5 1 
0.99 2.52 
1 .00 2.54 
1 .00 2.53 
1 .00 2.55 
Solid 
Wt. Volume Solid Densit� 
g cm
3 g!_cm3 kg!_m3 
0.085 0.268 0.3 17 317 
0.089 0.27 1 0.328 328 
0.087 0.263 0.330 330 
0.088 0.261 0.337 337 
0.066 0.270 0.245 245 
0.077 0.265 0.291 291 
0.070 0.262 0.267 267 
0.070 0.265 0.264 264 
0.086 0.261 0.329 329 
0.076 0.267 0.285 285 
0.068 0.264 0.257 257 
0.065 0.263 0.247 247 
0. 1 25 0.264 0.473 473 
0.1 16  0.264 0.439 439 
0. 1 37 0.266 0.5 14 514 
0. 1 30 0.264 0.492 492 
0. 1 26 0.263 0.479 479 
0.1 1 3  0.265 0.427 427 
0. 1 37 0.260 0.527 527 
0. 1 30 0.258 0.503 503 
0. 1 3 1  0.263 0.499 499 
0. 1 28 0.267 0.479 479 
0. 1 39 0.288 0.483 483 
0. 148 0.289 0.5 12  5 12  
Spherical Cylindrical 
Terminal Terminal TVWT 
Velocitt Velocitl Reading 
mis mis mis 
5.34 3.5 1  5 .36 
5.47 3.59 5.46 
5.43 3 .57 5.41 
5.47 3 .60 5.44 
4.7 1 3 . 10  4.71 
5.09 3 .35 5.03 
4.87 3 .20 4.85 
4.86 3 . 19  4.79 
5.41 3.56 - 5.35 
5.06 3 .32 5.08 
4.78 3 . 14  4.75 
4.69 3 .08 4.65 
6.50 4.28 6.5 1 
6.26 4. 1 2  6.24 
6.80 4.47 6.70 
6.63 4.36 6.56 
6.54 4.30 6.48 
6. 1 8  4.06 6. 1 6  
6.86 4.5 1 6.88 
6.69 4.40 6.72 
6.69 4.39 6.68 
6.57 4.3 1 6.58 
6.72 4.42 6.69 
6.92 4.55 6.89 






1 .22 0.3 1 
1 .41 0.35 
1 . 1 9  0.30 
1 .29 0.32 
1 . 1 7  0.29 
1 .5 1  0.38 
0.99 0.25 
1 .25 0.3 1 
1 .49 0.37 
0.90 0.23 
1 .26 0.32 
0.83 0.2 1 
0.94 0.24 




0.74 0. 1 9  
0.80 0.20 
0.91 0.23 
1 .05 0.26 
1 . 1 1  0.28 
0.97 0.24 
w 





























0. 143 0.363 
0. 143 0.363 
0. 143 0.364 
0. 143 0.363 
0. 143 0.362 
0. 144 0.364 
0. 143 0.362 
0. 143 0.363 
0. 143 0.363 
0. 143 0.363 
0. 143 0.363 
0. 144 0.364 
0. 143 0.363 
0. 143 0.363 
0. 143 0.363 
0. 143 0.363 
0. 144 0.365 
0. 144 0.364 
0. 143 0.362 
0. 144 0.365 
0. 144 0.366 
0. 144 0.364 
0. 143 0.364 




























Wt. Volume Solid Densit� 
g cm
3 'lf..cm3 kg!'.m3 
0.0270 0.0655 0.4 12  412  
0.0240 0.0658 0.365 365 
0.0270 0.0661 0.409 409 
0.0280 0.0658 0.426 426 
0.0230 0.0656 0.35 1 351 
0.0280 0.0660 0.424 424 
0.0220 0.0652 0.337 337 
0.0250 0.0655 0.38 1  38 1  
0.0280 0.0655 0.428 428 
0.0250 0.0656 0.381  381 
0.0280 0.0659 0.425 425 
0.0290 0.0665 0.436 436 
0.0650 0.0656 0.991 991 
0.0630 0.0659 0.956 956 
0.0630 0.0654 0.963 963 
0.0740 0.0658 1 . 1 25 1 1 25 
0.0740 0.0668 1 . 109 1 109 
0.0730 0.0660 1 . 106 1 106 
0.07 10 0.0652 1 .089 1089 
0.0680 0.0662 1 .027 1027 
0.07 10 0.0667 1 .064 1064 
0.0630 0.0663 0.95 1 95 1 
0.0720 0.0662 1 .088 1088 
0.0700 0.0661 1 .060 1060 
Spherical Cylindrical 
Terminal Terminal TVWT 
Velocitl Velocitl Reading 
mis mis mis 
6.06 3.98 6.04 
5 .70 3.75 5 .6 1  
6.05 3.97 6.04 
6 . 16  4.05 6. 1 8  
5.58 3.67 5 .48 
6 . 16 4.05 6. 1 2  
5.48 3.60 5.47 
5.83 3.83 5 .80 
6.1 7 4.06 6.07 
5.83 3.83 5 .81  
6 . 16  4.05 6. 1 6  
6.25 4. 1 1  6.23 
9.41 6. 1 8  9.37 
9.24 6.07 9 . 19  
9.27 6.09 9.25 
10.03 6.59 9.95 
9.98 6.56 9.94 
9.96 6.55 9.93 
9.85 6.47 9.85 
9.6 1 6.31 9.53 
9.79 6.43 9.79 
9.24 6.07 9.21 
9.87 6.49 9.80 
9.73 6.40 9.68 






1 . 1 5  0.29 
1 .20 0.30 
1 .0 1  0.25 
1 . 1 6  0.29 
0.89 0.22 
1 .07 0.27 
0.89 0.22 
0.97 0.24 
1 . 14 0.29 
1 . 1 1  0.28 
1 . 1 8  0.30 
1 .32 0.33 
1 .09 0.27 
1 .28 0.32 
1 .42 0.36 
1 .06 0.27 
0.94 0.24 
1 . 1 5  0.29 
0.93 0.23 
1 .41 0.35 
1 .29 0.32 
0.97 0.24 
1 .37 0.34 
.j:::,.. 
.j:::,.. 











50SWII O  
50SWil 1 
















0 . 143 0.362 
0. 1 43 0.363 
0. 143 0.363 
0. 1 43 0.363 
0. 1 43 0.363 
0. 144 0.364 
0. 1 43 0.363 
0. 143 0.363 
0. 1 43 0.364 
0 . 143 0.364 
0 . 143 0.363 
0. 144 0.364 
0. 1 36 0.344 
0. 1 48 0.375 
0. 1 5 1  0.384 
0. 1 39 0.352 
0. 147 0.373 
0. 140 0.356 
0. 1 46 0.370 
0. 1 45 0.367 
0. 1 43 0.363 
0. 1 46 0.37 1 
0. 1 46 0.37 1 
0. 1 58 0.402 
Length 
inch cm 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .28 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .27 
0.50 1 .28 
Solid 
Wt. Volume Solid Densitl 
g cm
3 f!..cm3 kf!..m3 
0.05 10 0. 1 3 1  0.390 390 
0.0630 0. 1 32 0.478 478 
0.0630 0. 13 1  0.479 479 
0.05 10  0. 1 32 0.387 387 
0.0590 0. 1 32 0.447 447 
0.0620 0. 1 32 0.469 469 
0.0640 0. 1 3 1  0.488 488 
0.0560 0. 1 32 0.423 423 
0.0500 0. 1 32 0.379 379 
0.0580 0. 1 32 0.440 440 
0.0650 0. 1 32 0.493 493 
0.0610 0. 132 0.461 461 
0.092 0.1 1 8  0.779 779 
0.1 1 3  0. 1 41 0.804 804 
0.1 19 0. 1 47 0.808 808 
0.098 0. 1 24 0.792 792 
0. 1 09 0. 1 39 0.782 782 
0. 1 02 0. 1 26 0.808 808 
0.1 14  0. 1 37 0.832 832 
0.1 1 2  0. 1 35 0.83 1 831 
0. 1 10 0. 1 32 0.833 833 
0. 108 0. 1 37 0.787 787 
0. 1 04 0. 1 38 0.756 756 
0. 1 35 0. 1 62 0.833 833 
Spherical Cylindrical 
Terminal Terminal TVWT 
Velocitl Velocitl Reading 
mis mis mis 
5.89 3.87 5.77 
6.53 4.29 6.49 
6.54 4.30 6.5 1 
5.88 3.86 5 .81  
6.32 4. 1 5  6.26 
6.48 4.26 6.43 
6.59 4.33 6.59 
6. 14  4.04 5.98 
5 .82 3.82 5.82 
6.27 4 . 12  6.24 
6.64 4.36 6.53 
6.43 4.22 6.34 
8. 1 2  5.34 8.09 
8.61 5.66 8.59 
8.74 5.74 8.65 
8.29 5.45 8.28 
8.48 5 .57 8.39 
8.41 5.53 8.40 
8.7 1 5.72 8.70 
8.66 5 .69 8.59 
8.63 5.67 8.60 
8.48 5 .57 8.40 
8.3 1  5.46 8.3 1 
9.08 5.96 8.96 





1 .40 0.35 
1 . 1 0  0.28 
0.98 0.25 
1 .34 0.34 
1 . 1 0  0.28 
1 .29 0.32 
1 .37 0.34 
1 .26 0.32 
1 . 1 7  0.29 
1 .32 0.33 
1 . 1 9  0.30 
1 .24 0.3 1 
0.80 0.20 
1 .07 0.27 
0.64 0. 1 6  
0.95 0.24 
1 .00 0.25 
0.98 0.25 
1 .02 0.26 
0.73 0. 1 8  
1 . 1 6  0.29 
1 . 1 0  0.28 
0.76 0. 1 9  
1 .06 0.27 
Ul 











l OSWI IO  
I OSWII 1 










I OSWNIO  
IOSWNI l 




0. 144 0.365 
0. 1 43 0.363 
0. 1 44 0.364 
0. 1 43 0.363 
0 . 143 0.363 
0. 1 43 0.363 
0 . 143 0.364 
0. 143 0.363 
0. 144 0.364 
0 . 144 0.364 
0. 143 0.363 
0. 1 43 0.363 
0. 1 43 0.362 
0. 144 0.364 
0. 1 43 0.362 
0. 1 43 0.363 
0. 143 0.363 
0. 1 43 0.363 
0. 1 43 0.363 
0 . 1 43 0.363 
0. 143 0.363 
0. 143 0.364 
0. 144 0.365 
0. 144 0.365 
Length 
inch cm 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
1 .00 2.54 
Solid 
Wt. Volume Solid Density 
g cm3 �cm
3 k�m3 
0. 1 07 0.266 0.402 402 
0. 1 12 0.263 0.425 425 
0.092 0.265 0.347 347 
0. 1 24 0.262 0.472 472 
0.091 0.263 0.346 346 
0. 1 22 0.262 0.465 465 
0. 1 21 0.264 0.458 458 
0.094 0.263 0.357 357 
0. 1 24 0.265 0.468 468 
0.099 0.265 0.374 374 
0.091 0.263 0.346 346 
0.099 0.262 0.377 377 
0. 1 88 0.261 0.720 720 
0.232 0.265 0.876 876 
0. 1 96 0.26 1 0.750 750 
0.225 0.263 0.855 855 
0.233 0.263 0.886 886 
0. 1 89 0.263 0.7 19  7 19 
0.23 1 0.262 0.88 1 881 
0. 1 93 0.263 0.733 733 
0.2 16 0.263 0.821 821 
0. 19 1  0.264 0.723 723 
0.230 0.266 0.864 864 
0.233 0.266 0.876 876 
Spherical Cylindrical 
Terminal Terminal TVWT 
Velocity3 Velocitl Reading 
mis mis mis 
6.01 3.95 5 .99 
. 6. 1 6  4.05 6. 1 5  
5.58 3.66 5 .48 
6.49 4.27 6.43 
5 .55 3.65 5.54 
6.44 4.23 6.38 
6.40 4.21 6.39 
5.64 3.7 1  5 .62 
6.48 4.26 6.39 
5.78 3.80 5.62 
5.55 3.65 5.46 
5 .80 3.81 5.76 
8.0 1 5 .26 7 .95 
8.86 5.83 8.74 
8 . 17 5 .37 8.08 
8.74 5 .75 8.70 
8.90 5 .85 8.9 1  
8.0 1 5.27 7.89 
8.87 5.83 8.69 
8.09 5.32 8.08 
8.57 5.63 8.42 
8.05 5 .29 8.04 
8.81 5 .79 8.79 
8.87 5.83 8.87 





1 .76 0.44 
1 .90 0.48 
1 .39 0.35 
1 .49 0.37 
1 .38 0.35 
1 .8 1  0.45 
1 .67 0.42 
1 .26 0.32 
1 . 1 9  0.30 
1 .88 0.47 
1 .55 0.39 
1 .63 0.41 
1 .36 0.34 
1 .65 0.41 
1 .39 0.35 
1 .57 0.39 
1 .67 0.42 
1 .39 0.35 
1 .77 0.44 
1 .53 0.38 
1 .49 0.37 
1 .55 0.39 
1 .36 0.34 
1 .43 0.36 
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